Abstract The main aim of this work is to investigate gas-oil relative permeability curves as the main flow function in different gas injection scenarios, immiscible and near miscible in case of highly fractured reservoirs.
Introduction
Recently, carbon dioxide injection is applied as the most favorable secondary or tertiary oil recovery method. After water flooding approach, miscible and immiscible CO 2 flooding is the best candidate for plenty of light and intermediate oil reservoirs. Experimental studies showed that oil recovery factor after CO 2 injection improved up to 60% of original oil in place while this value was only 44% for water flooding [1] .
This increase in oil recovery is the function of the changes in oil and gas relative permeability. By approaching the miscible condition, these changes are introduced as the important issue in multi-contact miscible displacement. Under miscible conditions when the interfacial tensions between oil and gas phases decrease, the values of the relative permeability functions change. These changes are a function of the phase behavior of working fluids, their physical properties and porous media characterization [2, 3] . Al-Wahaibi et al. studied the two-phase drainage and imbibition relative permeability curves at different equilibrium conditions. They investigated the equilibrium phase compositions and interfacial tension (IFT) between fluid pairs. They showed that when IFT decreased, the relative permeability curve of non-wetting phase changed more considerably than wetting phase curve and hysteresis became no significant. Dong et al. indicated that miscible CO 2 flooding was unfavorable for some reservoirs in southeast Saskatchewan due to the high CO 2 minimum miscibility pressure or some available limitations to provide the required operational pressure [4] . They surveyed the effect of CO 2 injection on the oil recovery by injecting at near miscible condition. The results showed that oil recovery was improved during near-miscible CO 2 injection and it can be inferred that the mechanism of oil mobilization at the CO 2 miscible injection and near-miscible was the same.
The requirement of the determination of relative permeability curves is so intensified by approaching the miscible condition. Briefly, there are two basic viewpoints to determine the relative permeability curves from laboratory core flow tests. In the steady-state method, the fluids are injected simultaneously into core plugs. In the unsteady-state method, a fluid is injected to displace another fluid present in the core. Steadystate test data processing is relatively simple, but experiments are tedious and time consuming. In contrast, unsteady-state laboratory tests can be performed rapidly, but data evaluation is a much difficult task. There are three major approaches for the determination of two phase relative permeability from unsteady state displacement experiments [5] .
(a) Analytical methods (b) Semi analytical methods (c) History matching method Analytical methods such as JBN, JR, Li and Toth are relatively simple compared to two other methods but they have a number of shortcomings such as immiscible displacement and incompressible assumptions which may lead to inaccurate gas and oil relative permeability values when the miscibility condition approaches [6] [7] [8] . Immiscible displacement assumption ignores the mechanism of vaporizing which can be active in near miscible CO 2 injection into light oil samples. Moreover these methods neglect the capillary or gravity effects and cannot produce the relative permeability values for a full range of displacing saturations.
Semi analytical methods such as Civan and Udegbunam have the advantageous that the capillary pressure effects can be incorporated in relative permeability calculation processes.
However the previous defects of analytical methods except capillary effects are not removed [9, 10] .
History matching methods were posed at first by Archer and Wong [11] . He suggested the iterative history matching of the laboratory core flood to extract the relative permeability values. In these methods pressure and production data of experimental and numerical results are matched by changing the relative permeability values. Unlike the analytical and semi analytical methods pointed defects can be removed easily. This possibility encourages us to use the inverse modeling technique to calculate the relative permeability values.
Very few experimental studies have been done to investigate the effect of CO 2 injection on oil recovery in naturally fractured reservoirs. Trivedi and Babadagli provided an excellent review on practical recipes to CO 2 injection in fractured reservoirs [12] . CO 2 flooding has become the main stream in naturally fractured EOR processes during recent years. Trivedi and Babadagli, investigated the effects of the miscibility (miscible, Immiscible and near-miscible) and injection rate on improving oil recovery factor and gas sequestration in fractured porous medium. For these aims, artificial fractured cores were used. The results showed that oil recovery was improved at the near-miscible pressure condition and higher pressure was suitable for sequestration usage.
Iran is one of the leader countries in oil production with 9% of the world's remaining recoverable oil reserves and 17% of its gas reserves. Nearly 90% of Iranian petroleum reservoirs are fractured reservoirs and oil recovery for these reservoirs was estimated to about 20-30% [13] . Jamshidzadeh et al. developed a mathematical model for miscible displacement in the fractured porous medium [14] . By this model, mass transfer mechanism between matrix and fractured was studied. But there are some special reservoirs with high contrast of permeability. One of these reservoirs which is a subject of this paper consists of high permeability sandstone zones with 6 D permeability including fractures while there are other carbonate layers in their vicinity with lower than 10 m.D. permeability. In this case, superiority of near miscible gas injection compared to immiscible after the primary production of reservoir is a source of challenge and can be traced by flow functions such as relative permeability.
To investigate the accuracy of previous studies in case of highly fractured core types of Iranian oil reservoirs, experimental study has been done with artificial fractured cores from Field 'A' (one of the Iranian fractured oil field). One of the main EOR candidate methods is gas injection due to the activation of gravity segregation mechanism based on the reservoir dip and thickness. Therefore, due to the common consideration of near miscible CO 2 injection as more economic gas injection method [15] and high contrast of permeability, it's required to investigate the gas-oil relative permeability curves as the main indicator of promising superiority of near miscible gas injection rather than immiscible in highly naturally fractured reservoirs.
In this experimental study, different experiments have been performed on Field 'A' core type to simulate the immiscible and near miscible conditions and then by extracting the production data and inverse modeling method, relative permeability curves have been obtained. By analysing the relative permeability curves, we wanted to determine the effect of near miscibility injection on EOR in highly fractured core samples to find the effectiveness of near miscible injection rather than immiscible case.
Prior to explain the experimental section, brief geological description on Field 'A' has been done to clarify the structure of the candidate reservoir for gas injection.
Experimental details

Materials
Physical properties of pure CO 2 as the injection gas have been calculated using empirical correlations [16] . Physical properties such as viscosity and density of oil and the lumped heavy component at the standard condition are shown in Table 1 . The oil composition is shown in Table 2 .
MMP determination
Slim-tube experiment was simulated using a 3D compositional simulator with the tuned EOS (PR). The simulator was run and the ultimate oil recovery was calculated after 1.2 hydrocarbon pore volume (HCPV) in various incremental pressure steps. The plot of oil recovery versus pressure was shown in Fig. 1 . The point in which the trend of recovery plot has been changed sharply was Minimum Contact Miscibility (MCM) pressure (here the MCM is 950 psi, extracted from Fig. 1 ). Near miscible condition has been proposed based on the 85% of MMP (i.e. 800 psi). Due to ternary phase behavior of carbon dioxide and also ambient temperature condition [17] . This threshold has been introduced as the near miscible condition in which the mechanism of vaporization was active [18] . To determine the incremental pressure steps in order to approach the miscibility, we defined the 500 psi as the immiscible pressure and 800 psi as the near miscible one. These pressure values will be implemented by BPR 1 in the experimental setup. To validate the determination of MMP value, IFT 2 has been determined by Eq. (1).
Eq. (1) was used to calculate IFT related to each pressure steps using the Sugden equation [19] . By redistribution of components of combined gas and oil phases in equilibrium condition and performing the flash calculation using commercial software, the vapor and liquid densities were calculated.
In Eq. (1), P ch is Parachore coefficients and MW a is the molecular weight of fluid combination. The calculated IFT values at each pressure steps are shown in Table 3 .
Core properties
Displacement tests were performed on the low permeable core sample from Field 'A' and its detailed information is shown in Table 4 . To investigate the effect of near miscibility on highly naturally fractured core types, we did the fracturing process on sandstone core type. After some vital preparation, we did the artificial fracturing process in order to provide the desired fractured core sample (Fig. 2) . To prevent the detaching of the core 34.45 C 2 8.37 C 3 5.45 IC 4 1.66 NC 4 3 IC 5 1.92 NC 5 1.93 FC 6 3.05 FC 7 3.23 FC 8 4.16 FC 9 4.62 FC 10 2.38 FC 11 2.33 C 12+
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1 Back Pressure Regulator. 2 Inter Facial Tension. parts in each side of the artificial fracture we made the two sides stick to each other using some special sticking materials and finally by some kind of materials (Teflon) they were wrapped (Fig. 3) . By this process the obtained core had absolute permeability of 459.3 m.D but its porosity was in the range of the sandstone core sample.
Apparatus and experimental procedure
Experimental design is one of the important parameters to achieve reliable results. Two types of measurement techniques have been used; (1) steady-state technique, (2) un-steady state displacement technique. In this experimental work, the unsteady state displacement technique was used. Relative permeability measurement apparatus, its schematic diagram is shown in Fig. 4 , was designed to conduct two phase (e.g. oil, water and gas) relative permeability measurements. This device consists of an injection system, two piston accumulators, a coreholder, a back pressure regulator (BPR), a confining pressure system, a differential pressure (DP) measurement system, a gas meter and the computer system for data acquisition and process control. The injection system is consisted of a fluid delivery pump. The gas stream is directed through a humidifying cylinder prior to entering the core. A core holder has separate ports for pressure drop measurements. The core is usually wet packed and then confined by applying tri-axial stresses. The oil and gas are discharged through the BPR and transited to a graded cylinder and wet gas meter respectively. By measuring the volume of oil and gas, production data will be recorded dynamically. In the procedure of recording the effluent volumes, the system records the differential pressure (DP) dynamically across the core by the pressure transducer. Gas saturation is determined by mass balance and ultimately by the pressure drop and produced volumes recorded, relative permeability curves are extracted. The operation of core displacement system is controlled through a computer interface. First, the core is solvent cleaned, dried with hot nitrogen and evacuated. After core preparation, the core is saturated by the saturator apparatus with the brine solution (10,000 ppm). After the operational preparation (Table 5) , Absolute permeability is calculated by monophonic core flood test. Then oil is injected into core at the rate of 0.05 (cm 3 /min) to reach irreducible water (SW c = 0.48). Next, gas is injected at the rate of 0.05 (cm 3 /min) up to 2 PV. The amount of produced oil and gas was measured by camera tracker dynamically. The tests were done according to pressure steps from immiscible to near miscible conditions and implemented by BPR.
Inverse modeling
Inverse modeling (i.e. history matching technique) can be used to extract the relative permeability curves implicitly. In this Figure 2 Core schematic after artificial fractured. approach, we first used the JBN method (1959) to calculate the relative permeability as an initial guess where it was used in compositional fluid flow simulation. Then, the production results from the simulator were compared with the experimental results. Finally, the difference between the experimental production results and simulation results was minimized using a suitable optimization algorithm. The results of relative permeability obtained from the last step of optimization process are defined as the implicit values. There are two main assumptions for the validity of JBN method. First, the velocity of the fluid flow should be high enough to reach equilibrium, and second, the velocity should be constant at any cross section of the core. In this study due to the low viscosity of oil sample these assumptions can be satisfied and it should be noted that the relative permeability values of this method are only used as the initial guess and will be modified as the controlling parameter through optimization process.
After JBN calculations and initial relative permeability extraction, one dimensional-two phase compositional simulation was run. The static model of simulator is built in one dimension (i.e. 11 grids in z-direction and 1 grid in two other directions) based on the petro-physical data of core sample (Fig. 5) . Dynamic behavior of fluid flow (i.e. gas injection process) is simulated fully implicitly based on the operational conditions applied in experiments.
Results and discussions
Four unsteady state displacement experiments were performed and their production data in the imbibition process were used to extract the relative permeability curves by inverse modeling method. These experiments were done at 500 Psia injection pressure as the immiscible condition and at 800 psi as the near miscible condition for two types of core sample (sandstone, artificial fractured sandstone). In addition, the length of the core in this study is not enough to establish the situation for near miscibility state. To cover this drawback, the soaking time is considered between injected gas and crude oil before the effluent fluids are collected. This process facilitates the approach to near miscible condition during experiment as Asghari and Torabi examined the effect of huff 'n' puff CO 2 flooding in fractured cores [20] . They investigated the diffusivity of CO 2 into fractures and its effect of total oil recovery improvement.
To be certain that the near miscible condition was achieved; BSTEN keyword was used in compositional simulator data file to plot the trend of IFT values around the injection well (Fig. 6 ). This figure showed the dimensionless value of IFT versus injection time and as it could be observed, the IFT values decreased monotonically regards to the elapsed injection time up to 50% of initial amount at the end of injection due to approaching to near miscibility condition.
After the achievement of near miscible condition, the direct production results including cumulative oil production and pressure drop along the core samples are shown (Figs. 7a  and 8a ), then implicit relative permeability curves were extracted Figs. 10 and 11) by inverse modeling method and finally based on the relative permeability curves, the effect of near miscibility on relative permeability curves was investigated. Moreover to investigate the accuracy of using the conventional analytical method such as JBN in order to determine the two phase oil-gas relative permeability curves in case of artificial fractured core type, implicit curves were compared to JBN curve in Fig. 12 .
The cumulative oil production increased in the case of near miscible gas injection into sandstone core sample. This phenomenon has happened due to the production of by-passed oil that remained in the process of immiscible gas injection as it is shown in Fig. 7a . An increase in oil production in the case of near miscible gas injection compared to immiscible in sandstone sample was mainly based on the activation of vaporizing mechanism. This mechanism originates from mass exchange between the mobile phases (oil/gas) causing the rearrangement of fluids composition. This composition change leads to IFT reduction as well as viscosity reduction of oil phase. In this condition the reduction of IFT between oil and gas phases directs by-passed oil from pore throats to the main oil stream. This condition can be traced by shifting the non-wetting phase saturation to a lower value and a decrease in curvature of relative permeability.
In the case of artificial fracture sample, oil production didn't increase in the immiscible condition result due to early breakthrough time and inadequate time for the activation of vaporizing mechanism. Although the socking period was applied, but the high contrast of permeability between matrix and fracture caused a low rate of mass transfer between the two phases. In addition the high mobility of gas front dominated the viscose flow rather than capillary. On the other hand, fracture cleaning is dominant compared to viscosity/IFT reduction leading to quick oil production throughout the fracture conduit. This behavior, the dominancy of fracture cleaning compared to activation of vaporizing mechanism, can be traced on oil production/recovery curves showing that in case of artificial fractured samples the difference between near miscible and miscible is not significant (Fig. 7b) , while this difference is meaningful in the case of no-fractured sandstone sample. To reduce the early breakthrough time, velocity of gas front should be decreased in the case of highly naturally Gas-oil relative permeability curvesfractured reservoirs. Water alternating methods such as WAG can be recommended in which water slug can reduce the gas front velocity.
In artificial fractured core samples, the main vessel contributing to oil production is fractured and very lower volumes are produced through the matrix section (i.e. the fracture storage capacity is high). This phenomenon is recognized as monoperm-dual porosity model which means effective permeability of fractures is a dominant factor in simulation. This dominant model in oil production of artificial fractured core samples is shown schematically in Fig. 9a . In the case of sandstone as the gas did not breakthrough earlier so the rate of exchange between two phases of oil and gas were high and the oil stream passes throughout the whole of porous medium leading to high volumetric sweeping (Fig. 9b) . Other indicators for earlier breakthrough time are sharp peak points observed in Fig. 8b which happen in a lower amount of PV of injection gas in the case of artificial fractured sample rather than sandstone one.
Thus based on the obtained results in case of fractured sample although the absolute permeability was increased due to fracturing process, the relative permeability didn't change significantly due to dominancy of fracture cleaning compared to the activation of vaporizing mechanism, whereas, this issue is reversible in the case of no-fractured sample. In the case of sandstone change of absolute permeability wasn't significant, but the relative permeability curve was shifted to higher values due to the activation of vaporizing mechanism and subsequent IFT and viscosity reduction.
In Fig. 10 the results of implicit relative permeability curves in the case of sandstone sample was shown and compared in two conditions of immiscible and near miscible injections. In these curves the relative permeability curves were plotted based on normalized gas saturation (S g (norm) ) which was calculated by Eq. (2):
where S gðminÞ and S gðmaxÞ referred to the minimum and maximum outlet gas saturation. Fig. 10 showed the main change of implicit non-wetting phase relative permeability curve as the experimental conditions approach near miscibility. This change is applied on the non-wet relative permeability curve due to a decrease in oil saturation along the core in the near miscible condition compared to immiscible condition. This decrease causes more space for gas to pass through itself which leads to an increase in non-wet relative permeability curve. On the other hand the resistance between oil and gas phases decrease and this change affects the relative permeability of the phase that occupied the larger pores (i.e. non wetting phase). Due to a lack of activation of near miscible mechanisms and a successive lack of decrease in ultimate oil saturation (S or ), this effect has not been observed in the case of artificial core type.
When there is a high absolute permeability contrast in reservoirs, it means a high ratio of artificial fractured sample to sandstone sample (K ef /K s ), the gas phase is not tended to pass the matrix part and it passes through fractures. This phenomenon intensified when the primary production of the reservoir occurred and not only caused a decrease in ultimate oil recovery, but also stabilized oil saturation along the core in both immiscible and near miscible condition. This unchanging Gas-oil relative permeability curves 9 saturation profile was the reflective of no substantial change of relative permeability curves as shown in Fig. 11 . In this experiment this ratio (K ef /K s ) is nearly more than 350 and can be inferred that in artificial fractured core samples with a high ratio (K ef /K s ), the effect of near miscibility on changing of relative permeability curves was ignorable. By considering Fig. 12 , it can be inferred that in the case of artificial core samples this change of relative permeability curves is ignorable, the conventional relative permeability methods such as JBN has the same results compared to the sophisticated inverse modeling method. The main reason for this phenomena is that the available assumptions of JBN method such as incompressible and immiscible displacement become true in case of artificial fracture core flooding.
Conclusions
To observe the effect of near miscible CO 2 injection on relative permeability curves and also investigate this effect on highly naturally fractured reservoirs, these two main steps of experiments (i.e. immiscible and near miscible) have been performed. The following conclusions are obtained based on the experiments.
Early breakthrough time and inadequate time for the activation of vaporizing mechanism causes the low rate of mass transfer between two phases. This phenomenon in case of highly naturally fractured samples with a high ratio (K ef /K s ) neutralized the effect of near miscibility in changing of the relative permeability curves due to the dominancy of fracture cleaning compared to activation of vaporizing mechanism. In case of highly naturally fractured core type, the conventional relative permeability methods such as JBN have the same results compared to the sophisticated inverse modeling method. The main reason for this phenomena is that the available assumptions of JBN method such as incompressible and immiscible displacement become true in the case of fractured core flooding. Figure 12 Kr comparison in both JBN and implicit inverse modeling method for artificial fractured sample at near miscible condition.
